Context. Thousands of C stars have been identified in Local Group galaxies using narrow band photometry. To survey C stars at larger distances and alternative to the narrow-band approach is needed. Aims. We obtain, from ESO Archive data, NIR magnitudes and colours of previously known C stars in two dwarf irregular Local Group galaxies, namely IC 1613 and NGC 3109. Methods. We compare the NIR magnitudes and colours of the C star populations, previously identified from narrow band techniques to estimate the star formation history of their intermediate-age populations. Results. We demonstrate that the photometric properties of C stars show a wider range in the NIR than in the optical. As confirmed by models we see, among the four galaxies investigated with a 0.7 dex metallicity range, little if any metallicity effect in the C star colour distribution.
Introduction
In a previous paper (Battinelli et al. 2007 , hereafter Paper I) we compiled near-infrared mean magnitudes and colours of carbon stars, mostly identified from narrow-band photometry, in various galaxies. We concluded that (J − K s ) 0 = 1.4 can be regarded as a conservative limit for the selection of C stars among the AGB population because essentially no M-type stars have such a red colour. This colour limit should not, however, be used to count C and M-type AGB stars because too many C stars do have colours bluer than the above limit and near-infrared colours are not useful to establish the C/M ratio in galaxies. Nevertheless, the NIR approach to AGB studies does appear to be a promising tool to reach distant galaxies since most of the energy output of these late-type giants is in the red.
In order to further compare the NIR properties of C stars and assess their usefulness as near-infrared standard candles, we continue our survey of nearby galaxies. To do so, we searched the ESO archives for SOFI or ISAAC observations of Local Group galaxies. We present here NIR magnitudes and colours of previously known C stars in IC 1613 and NGC 3109.
The target galaxies
Luminosity wise, with M v = −14.9, IC 1613 ranks 6th among the 15 dwarf irregular (dIrr) galaxies of the Local Group, being between NGC 3109 and Sextans A. Its distance has been accurately determined by Dolphin et al. (2001) , from the apparent This publication makes use of data products from the ESO Archive. Full Tables 2 and 3 are only available in electronic form at http://www.aanda.org magnitudes of the red giant branch tip (TRGB) and of the red clump stars, who obtained μ o = 24.31 ± 0.06 (730 ± 20 kpc). Pietrzyński et al. (2006a) determined the IC 1613 distance to be μ o = 24.291 ± 0.014 (720 ± 5 kpc), from near infrared photometry of its Cepheids. Based on these two estimates, we adopt 722 ± 5 kpc for the distance of IC 1613. The foreground reddening is taken to be E(B − V) = 0.03, corresponding to E(J − K s ) = 0.016. IC 1613 is essentially a typical irregular galaxy. Albert et al. (2000) , using the narrow-band index (CN − TiO), identified some 200 C stars extending to 15 from the center of IC 1613. This result not surprising since the NIR observations of IC 1613 obtained by Borissova et al. (2000) revealed that the galaxy has a rich intermediate-age AGB population. According to Skillman et al. (2003) , IC 1613 has a relatively constant star formation rate over the age of the Universe.
Recently, Zucker & Wyder (2004) , using DEIMOS at the Keck telescope, determined the metal abundance of numerous RGB stars in IC 1613. The mean abundance, based on the equivalent width of the CaII triplet, is quoted as [Fe/H] = -1.3. This value is in good agreement with the Skillman et al. (2003) SFH models which suggest an abundance of [Fe/H] ≈ -1.0 for the intermediate-age stars.
NGC 3109, an outlying member of the Local Group, is a southern hemisphere dwarf irregular galaxy, more luminous and more massive than IC 1613. Because of its proximity to us it turns out to be one of the brightest galaxies seen in the southern sky. Its carbon star population has been surveyed by Demers et al. (2003) who identified over 400 C stars using the narrow band technique. Recently the near-infrared J and K s magnitudes of 77 Cepheids have been used by Soszyński et al. (2006) to accurately determine the distance of NGC 3109. We adopt their estimates, (m− M) 0 = 25.57 ±0.024 along with E(B−V) = 0.09, or E(J − K s ) = 0.048 and A K = 0.03. Alonso et al. (1999) published NIR observations of NGC 3109. However, their data are not deep enough for a full assessment of the intermediate-age population. The metallicity of the old population of NGC 3109 has been estimated by Mendez et al. (2002) from the (V−I) 0,TRGB to be [Fe/H] = −1.69 ± 0.06.
Observations and data reduction

IC 1613
The J and K s observations of IC 1613 were obtained from the ESO Archive. They consist of NTT data, from La Silla, obtained with the SOFI near infrared camera in September 2004 as part of the Araucaria Cepheid project (Pietrzyński et al. 2006a ). The field of SOFI is 4.9 × 4.9 and the scale is 0.288 arcsec per pixel. The coordinates of the three fields, read from the image header, are given in Table 1 . Details of these observations are described by Pietrzyński et al. (2006a) . In the K s filter, they obtained six consecutive 10 s integrations at a given position and then moved the telescope by about 20 to a different random position. Integrations obtained at 65 different dithering positions resulted in a total exposure time of 65 min in the K s filter for a given field. For the J filter for which the sky shows less variation, two consecutive 20 s exposures were obtained for 25 dithering positions for a total of 17 min on a given field.
The raw images obtained from the Archives were reduced using the XDIMSUM task in IRAF. The resulting combined images were analysed with DAOPHOT and ALLSTAR. After obtaining the astrometric solution for one image in each field we match the stars found with the 2MASS catalogue. The zero point adjustments between our instrumental magnitudes and the 2MASS magnitudes are based on about six stars per field, excluding the fainter 2MASS stars with large uncertainties. The standard deviations of the differences between the 2MASS magnitudes and our instrumental magnitudes are ±0.08 for K s and ±0.07 for J. The J zero points for the three fields as well as those in K s of F1 and F2 agree within the errors, while the K s zero point of F3 differs by 0.6 mag.
Further assessment of the reliability of our photometry can be done by comparing the magnitudes of the stars in the overlapping region between field F1 and F2. We calculate, for 45 stars, ΔK s = −0.06 ± 0.10; a somewhat larger difference is found for J but with the same dispersion.
NGC 3109
The NGC 3109 images are also extracted from the ESO Archives. They were obtained with ISAAC at the VLT by Soszyński et al. (2006) as part of the Araucaria project. They observed three 2.5 × 2.5 fields in J and K s bands; the scale is 0.147 per pixel. The reader is referred to the above publication for further observation details. We reduce the raw images using JITTER from the ECLIPSE package developed by ESO. The combined images were then analysed with DAOPHOT and ALLSTAR. The small size of the images makes the astrometric and magnitude calibrations more difficult than for the SOFI data. For the astrometry we use as a reference the C star coordinates published by Demers et al. (2003) and seen in the field. Because of the lack of suitable 2MASS stars, the magnitude calibration is done using the published J and K s magnitudes of the Cepheids (Soszyński et al. 2006) , taken on the same night as the images we analyse. The Cepheid coordinates are listed by Pietrzyński et al. (2006b) . We first adjust the magnitude zero points of field F1 and F3 to those of F2 by comparing the magnitudes of stars in the overlapping regions. We then use the published magnitudes of 36 Cepheids with K s < 20.0 seen within the three fields to calibrate the instrumental magnitudes. From this comparison we obtain σ K = ±0.18 and σ J = ±0.09 mag. The J2000 equatorial coordinates of the NGC 3109 fields are given in Table 1 .
Results
IC 1613
The colour-magnitude diagram of the combined three SOFI fields of IC 1613 is displayed in Fig. 1 . Sixty one C stars identified by Albert et al. (2000) are matched to the stars above the TRGB in our NIR photometry. Their NIR magnitude and colour are given in Table 2 . The identification numbers are those assigned by Albert et al. (2000) . Among the 61 stars matched, only 37 (61%) of them have (J − K s ) > 1.4. If we assume that all AGB stars above the TRGB and with (J − K s ) > 1.4 are C stars, then there are 190 such objects in our IC 1613 fields. Table 2 is presented in its entirety in the electronic edition of the journal. A portion is shown here for guidance regarding its form and content. 
NGC 3109
The colour magnitude diagram of the combined three ISAAC fields of NGC 3109 is presented in Fig. 2 . 157 C stars were crossidentified with our optical photometry ); a few stars are found in more than one ISAAC fields. They are identified by circles on the CMD of Fig. 2 . We list, in Table 3 , the NIR magnitude and colour of the C stars. The identification numbers are from Demers et al. (2003) . Among the 157 stars matched, 111 of them (71%) Table 3 is presented in its entirety in the electronic edition of the journal. A portion is shown here for guidance regarding its form and content.
by our optical photometry because we do not have equatorial coordinates for either of the full databases.
Discussion
C stars in the CMD
Since the regions observed in NGC 3109 and IC 1613 contain numerous Cepheids we must conclude that we are dealing with populations of mixed ages. In Fig. 3 we draw the Cioni et al. (2006) published isochrones of AGB models on the colourmagnitude diagram of the known C stars in IC 1613. We prefer these isochrones to those of Marigo et al. (2008) because the latter do not reach (J − K s ) colours as red as the C stars observed. We select a metallicity of Z = 0.001, the most appropriate for the adopted abundance. The youngest C stars have an age of ∼400 Myr while the bulk of the C star population is between 700 Myr and 2.5 Gyr. Some faint C stars can be explained by a lower metallicity as shown by the dashed line (corresponding to 2.5 Gyr and z = 0.0004). A similar plot for NGC 3109, with its adopted lower metallicity, is presented in Fig. 4 . Here we see that all C stars were formed between 250 Myr and 2.5 Gyr ago. Again we note that SFH has been variable during that interval. More than half the C stars are between 500 and 800 Myr old. The C star population in the galaxies discussed in Paper I can likewise be compared, selecting the proper abundances. We display in Fig. 5 the CMDs of C stars in IC 10, NGC 6822 and WLM. The NGC 6822 data are taken from Kang et al. (2006) . The SFH of the intermediate age population is similar in the three galaxies with the oldest star being some 2.5 Gyr old and the youngest close to half a Gyr.
Colour distribution of C stars
We remarked in Paper I that C stars are found over a wide range of NIR colours. We compare, in Fig. 6 , the (J − K s ) 0 colour distributions of C and M stars, previously identified from our RICNTiO photometry in four dwarf galaxies: IC 1613 and NGC 3109 which NIR are presented here, and WLM from Paper I and NGC 6822 with NIR from Kang et al. (2006) . We omit here IC 10 because of its extreme and ill-defined colour excess. Stars with positive (CN − TiO) are C stars while those with a negative index are M stars which could be giants in the galaxy or dwarf M stars seen along the line of sight. The narrow band technique can, however, discriminate only stars with (R − I) > 0.9, a colour limit corresponding to N-type C stars. We adopted, in Paper I, (J − K s ) 0 = 1.40 as the working limit to separate C and M stars. We see, from the vertical lines drawn in Fig. 6 , that this limit corresponds essentially to the red border of the M stars but certainly not to the blue border of C stars. Various authors (Davidge 2003; Cioni & Habing 2003; Cioni & Habing 2005; Valcheva et al. 2007 ) have shifted the blue limit of C stars to take into account the metallicity of the galaxy under consideration. The metallicity of the intermediate-age populations of Local Group galaxies is in general rather poorly known. High resolution spectroscopy has recently target young giants in a few LG dwarf irregulars while the equivalent width of the CaII triplet has been used to infer the abundance of old red giants. The intermediate-age populations of the four galaxies displayed in Fig. 6 show a rather narrow range of metallicities. We adopted earlier for IC 1613 and NGC 3109 respectively of C stars plotted depend on the size and stellar density of the regions surveyed. Thus, we see little metallicity effect here. and IC 1613 but such data are available for IC 10, WLM and NGC 6822 discussed in Paper I. We are then in a position to compare their locations on the colour-colour diagram. The NIR colours of known C stars identified from the (CN − TiO) index in these three galaxies are plotted in Fig. 7 . The dashed line is the Whitelock et al. (2006) regression. We draw a representative isochrone from Marigo et al. (2008) for 1 Gyr, z = 0.001. Isochrones of different metallicities nearly coincide, proving that there is no appreciable shift with abundance. We observe that the data points of WLM and IC 10 essentially overlap, while those of NGC 6822 are offset. Since NGC 6822 contains numerous C stars it would be useful to obtain an independent dataset to confirm this shift. Jackson et al. (2007a) in their Spitzer observations of WLM state that only 18% of the AGB C stars were detected by the (CN − TiO) approach. This number is somewhat misleading; as explained later by Jackson et al. (2007b) , the narrow band technique can only detect the subsample C stars with (R − I) > 0.90 that corresponds to the N-types. In Fig. 8 we cross identify our NIR data of the AGB stars of IC 1613 with the Spitzer data to produce a colour-colour diagram. The C stars identified from their (CN − TiO) index by Albert et al. (2000) are also cross identified with the NIR observations. We see that there are, as expected, few C stars bluer than (J − K s ) ≈ 1.4. There are also few C stars among the AGBs that have a positive [3.6] -[4.5] Spitzer index, presumably because these stars were too faint in the optical to be included in the Albert et al. list. 
C stars on the colour-colour diagram
Conclusion
The photometric approach to identifying C stars from M giants leads to different results when one adopts the optical narrowband rather than the NIR colours. The (CN − TiO) narrow-band technique has been successful in separating C stars and M giants, providing that their (R − I) 0 colour is higher than 0.90. In that colour range one finds the N-type C stars. The blue hotter C stars cannot be isolated from late K or early M stars because they have nearly the same (CN − TiO) index.
The N-type C stars, however, show a range of (J − K s ) colours, overlapping substantially with M stars. Comparison of the C and M sample, obtained from the (CN−TiO), reveals, however, that very few M stars have (J − K s ) > 1.4, as can be seen in Fig. 6 . Thus, this limit can be adopted as a working threshold for the detection of C stars. The determination of the C/M ratio on the basis of the (J − K s ) colour selection of AGB stars leads to a ratio that differs from the one calculated from the narrowband identification. Furthermore, the determination of the number of AGB M stars requires the adoption of a blue colour limit in (J − K s ) to exclude the K-type AGB stars.
The effect of the metallicity on the above threshold is not yet fully demonstrated because our small galaxy sample does not cover a wide range of abundances. In this respect, the comparison of our narrow band survey of the low metallicity Sagittarius dwarf irregular galaxy (Demers & Battinelli 2002 ) with the recently published NIR observations of Gullieuszik et al. (2007) could be useful to see if a metallicity effect is present. At the other abundance extreme, the narrow band survey of the outer disk of M 31 by should be repeated in the NIR. 
